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Simulations of vacuum electron flow in a coaxial transmission line with and without ion
emission are compared with each other and with experimental data from Gamble II. The
simulation without ions shows large current losses just downstream of an impedance
discontinuity. Simulations with ions show that the vacuum electron current past the
impedance discontinuity is increased by the presence of ions. The losses are much more
distributed than in the simulation without ions. The experimental data shows a more
distributed current loss that is similar to the case where ion emission is allowed. This
suggests that ions may be present and playing a role in the experiment.

With the trend towards multi-modular high power systems, understanding power flow
through complicated two and three dimensional (2-D and 3-D) structures is vital to realizing the full
potential of many advanced pulsed-power designs. Some examples of complex 3-D structures used
in advanced multi-modular systems include convolutes and transitions between coaxial and triplate
transmission lines. One of the main tools for analyzing power-flow in such structures is the particle-
in-cell (PIC) code. Before these tools can be used with confidence it is necessary to benchmark
these codes with experiments in simple geometries that are very well diagnosed. This paper presents
comparisons between 2-D PIC simulations with experimental measurements made on the Gamble II
accelerator. The simulations are performed with and without ion emission from the anode. The
simulation without ions shows very localized current losses whereas simulations with ion emission
from the anode show more distributed current losses and is in better agreement with experimental
data.
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Figure 1. Schematic of the Gamble IT power-flow hardware.

A schematic of the power-flow hardware fielded on the front end of Gamble II is shown in
Fig. 1. A 6.3 Q coaxial transmission line with a 1 cm anode-cathode (A-K) gap is terminated by a
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highly inductive section. This high inductance section acts as a high impedance load early in time
and gradually becomes a low impedance load late in time as the current derivative approaches zero.
Vacuum electron flow is launched into the 6.3 € transmission line at a localized impedance
discontinuity where the local gap size is decreased from 1 cm to 0.5 cm. The vacuum electron flow
downstream of the impedance discontinuity is diagnosed by a series of anode and cathode B-dot
current probes (Ia;.4 and I 4).

A computational model of the geometry depicted in Fig. 1 was setup in the 2-D PIC code
MAGIC!. A simplified one dimensional transmission line model of the Gamble II accelerator
consisting of an open circuit voltage (3 MV, 85 ns FWHM) and an equivalent generator resistance of
2 © was used to drive a TEM wave into the 2-D simulation. In all the simulations described in this
paper, the entire cathode surface was treated as a space-charge-limited electron emitter. Simulations
results are presented with and without space-charge-limited proton emission from the anode in the
6.3 Q line downstream of the impedance discontinuity. Ion emission in the inductive region was not
allowed in either of the simulations.
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Fig. 2. The calculated anode currents (a) for the simulation without ions and (b) with proton emission in the 6.3 Q
line. The dashed curves are calculated anode currents in the inductive section.

Figure 2 shows the anode currents at 5 cm intervals starting just upstream of the impedance
discontinuity (z=0). The anode currents for the simulation without ions, shown in Fig. 2a, indicate
large current losses just downstream of the impedance discontinuity and very little current losses
elsewhere in the 6.3 Q line. The electron loss just downstream of the impedance discontinuity
carries a sufficient amount of energy to the anode (hundreds of J/gm) to create an anode plasma.2
Figure 2a also shows that some current is lost at the transition between the 6.3 Q line and the
inductive load for t<40 ns. The anode currents for the simulation with proton emission, shown in
Fig. 2b, indicate less current loss associated with the impedance discontinuity. From Fig. 2b it is
also seen that, when ions are present, the current losses are distributed throughout the 6.3 Q line.
Figure 2b further shows that current losses at the transition between the 6.3 Q line and the inductive
load are present over a longer time scale for the simulation with ions. This current loss is from both

electrons and ions. Although ion and electron currents were not distinguished in the simulation,
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estimates from the Child—Langmuir3 (C-L) law predict that, at a peak voltage of 1.2 MV, the ion
current is 75 kA for the present geometry. This is a lower bound for the ion current since
magnetically insulated electron flow can enhance the ion current over the C-L value.

One possible explanation for the increased vacuum electron current in the 6.3 € line when
proton emission is allowed is that the region downstream of the impedance discontinuity behaves
similarly to a pinched beam diode.* If ion emission does not occur a large fraction of the electron
flow strikes the anode about one Larmor radius downstream of the impedance discontinuity. When
the electrons deposit enough energy to the anode an anode plasma forms that reduces the anode
electric field and provides a space-charge-limited source of ions.?> The reduced anode electric field
allows the magnetic force to prevent the electrons which enter the anode plasma from striking the
anode surface. These electrons move axially down the transmission line and strike the anode in a
new region where, if enough energy is deposited, plasma forms on a new portion of the anode and
electron flow propagates down the transmission line. For simplicity, ion emission in MAGIC is
enabled after a specified electric field exists on the anode surface (100 kV/cm) and not turned on by
electron beam energy deposition to the surface. Therefore, the simulations with ion emission do not
adequately model the detailed process of anode plasma formation but provide insight to the effects of
ions in magnetically insulated flows.
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Fig. 3. The measured anode currents in the Gamble II experiment. The dashed curve is in the inductive section.

The anode currents measured on Gamble II are shown in Fig. (3). The measurements show a
distributed electron loss in the 6.3 Q line. These results are similar to the simulation results with ion
emission enabled. This suggests that ions are present in the Gamble II experiment. However,
because plasma can magnetically shield the B-dots, there is a reasonably large uncertainty associated
with these measurements. Additional experiments are necessary to provide better current
measurements and more clearly determine the role of ions. Notice that the peak current in the
Gamble II shot is slightly lower than the peak current in the simulation. This difference is due to a
slightly higher open circuit voltage used in the simulation than what was prodﬁced during the shot.

Current enclosed contours (50 kA between contours) at t=50 ns for (a) the simulation without
ions and (b) the simulation with ion emission in the 6.3 Q line are shown in Figure 4. At this time
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there is about 650 kA upstream of the impedance discontinuity and the cathode current downstream
of the impedance discontinuity is approximately 200 kA for both cases. The simulation without ions
shows about 300 kA is lost just downstream of the impedance discontinuity. Approximately 150 kA
flows in the vacuum with relatively little current loss in the 6.3 Q line. By contrast, the simulation
with ion emission has only about 50 kA of loss current at the impedance discontinuity and nearly 200
kA of distributed current loss in the 6.3 Q line. In addition Fig. 4b shows that the additional vacuum
electron current flows primarily near the anode. This might be expected since this is where most of
the ion space charge resides. The propagation of vacuum electron current with ions produced on the
anode may also occur during the power transfer phase of the plasma-opening switch.
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Fig. 4. Current enclosed contours at t=50 ns for (a) the simulation without ions and (b) the case with proton emission
in the 6.3 Q line.
Vacuum electron flow in the 6.3 € line can be analyzed using the flow impedance concept. If
the electrons are EXB drifting and there are no ions in the line, then pressure is balanced across the
electron flow and the flow impedance can be written as’

where V is the voltage, 14 is the local anode current and /¢ is the local catilode current. For a
localized impedance discontinuity it is customary to use the anode current just upstream of the
discontinuity and the cathode current just downstream of the discontinuity. An idealized electron
flow pattern is shown in Fig. 5. A physical interpretation of the flow impedance can be described as

follows. If the anode-cathode gap spacing, D, of a coaxial transmission line is small compared to the
cathode radius, R, then it can be shown that Eq. (1) is equivalent to the vacuum wave impedance
between the centroid of the electron space charge (X) and the anode (Zf=60 (D- X )/RC).6 The size of

the electron sheath can be estimated from the electron Larmor radius which, in turn, can be estimated
from the critical current formula and expressed as

R.[cm]

Degyrlcm]=8500F TIA]

(y>-1)" 2)
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In Eq. (2) yis the relativistic mass factor and F¢p is a factor that is weakly dependent on voltage and

approximately 1.6 for voltages between 1 and 3 MV.” If it is assumed that the electron charge is
evenly distributed in the electron sheath, then the charge centroid is approximately D,,;/2 and the

flow impedance can be written as
Zf=60(D-D¢yif2)/R,. . 3)

When the vacuum electrons are very well insulated then D,,; is very close zero and the flow
impedance is the vacuum wave impedance of the transmission line, Zr= 60D/Rc. When the electron
flow is critically insulated (i.e. the electron gyroradius is comparable to the anode-cathode spacing of
the transmission line) then D,,;,=D and the flow impedance is half the vacuum wave impedance of
the transmission line, Zg= 30D/R¢. It is important to note that, when ions are present and
unmagnetized, the flow impedance defined by Eq. (1) no longer applies since the presence of ions
alters the pressure balance relation.

Y
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Fig. 5. An idealized electron flow pattern and the relationship between the D,,;;, X, and D.

The critical gap size and the flow impedance calculated with the voltages and currents from the
simulation without ions are shown in Figs. 6a and 6b. The physical gap size and half the vacuum
wave impedance for both the impedance discontinuity and the 6.3 Q line are also shown by dashed
lines in the two figures. Figure 6a shows that D,,;; is approximately equal to 0.5 cm in the
impedance discontinuity and 1.0 cm in the 6.3 Q line indicating that the electron flow is critically
insulated over most of the simulation. Therefore, for the simulation without ions, the system sheds
precisely enough current near the impedance discontinuity to keep the electron flow critically
insulated. The flow impedance is also close to half the vacuum wave impedance over most of the
simulation. This is consistent with the conclusion that the electron flow is critically insulated. Late
in time, as the inductive load begins to look more like a short circuit, the electron Larmor radius gets
smaller. When this happens Eq. (3) predicts that the flow impedance should get larger and approach
the vacuum wave impedance of the line. This happens at z=20 cm but does not occur at z=5 cm.
The electron density contours late in time indicate that the electron charge at z=5 cm is not evenly
distributed in the sheath but more concentrated near the anode. This causes the flow impedance at
z=5 cm to decrease late in time even though the Larmor radius is decreasing.

The critical gap size calculated with the voltages and currents from the simulation with proton
emission in the 6.3 Q line is shown in Fig. 7. Figure 7 shows that the electron Larmor radius with
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ions is significantly smaller than the no ion case. This is due primarily to an increase in the anode

current in the 6.3 Q line when ions are present.
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Fig. 6. (a) The critical gap size and (b) the flow impedance at several positions in the 6.3 Q line without ions.
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Fig. 7. The critical gap size at several positions in the 6.3 Q line with proton emission from the anode.
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